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LI ST OF FI GURES

Figure 1. Location figure for data shown which were obtained fromthe Bering

Sea ice edge region. Letter designations “A’, "B and ¢t are explained

in the appropriate figure |egends.

Figure 2. NOAA satellite image showing ice edge bands along the Bering Sea winte:
ice edge. Arrow “W indicates approximate w nd direction.

Figure 3. Schematic of ice bands along the Bering Sea ice edge late on 7 March
1981. (Onservations were obtained froma surface vessel traveling toward

200 “T along the dashed line, South of the border “new ice”, no rafting or
ridging was evident and nost ice appeared to be only a few days old. After
dark it becanme inpossible to discern details of the ice. The wind was stead:
at about 6 msee toward 200 ‘T throughout the transect, Approximte locatio

of transect is shown as southern part of line "A" on Figure 1.
Figure 4. Vertical distribution of density (as sigma-t) along a transect across
the Bering Sea ice edge in md-winter 1981, Approximate location of tran-

sect is shown as line “A" on Figure 1.

Figure 5. Illustration of variability in vertical density (as sigma-t) distribu-
tion at a single position near the Bering Sea ice edge over a 14-day period

in md-winter 1981, Bottom depth was 109 m  Approximate |ocation of statio:
I's shown as point “B" on Figure 1.

Figure 6. Exanple of vertical density (as sigma-t] distribution at a |ocation
near the Greenland Sea ice edge in late sumer 1979. Bottom depth was great
er than 700 m Inset map shows approximate |ocation of station.

Figure 7. Schematic diagramillustrating the conceptual nodel discussed in the

text.

Figure 8. Tine-series of tenperature (upper) and current speed (lower] obtained

in the density interface at 50-m depth below the Bering Sea ice edge in earl:
February 1981. Approximate |ocation of mooring from which data were obtaine

I's shown as point “C’ on Figure 1.

128



ABSTRACT

The ice edges of the world ocean are generally the site, at times when
winds are blowing off the ice, of regularly-spaced surface bands of ice floes
These bands have size scales of order 1-10 km and their |ong axes are oriented
approximately normal to the wind direction. Available oceanic tenperature and
salinity data fromthe Bering and G eenland Sea ice edge regions suggest that
these ice bands are comonly underlain by a two-layered density structure which
is maintained by net nmelting along the ice edges. Linear internal wave theory
is applied to these data to conpute first-mode interracial wave phase speeds. A
sinple analytical model is devel oped which denonstrates the feasibility of genera-
tion of such interracial internal waves by the stress discontinuity due to off-
ice winds blowi ng over either a stationary or a noving ice edge. It is qualita-
tively shown that the conputed internal wave phase speeds and wavel engths are,
under many conditions, conpatible with the speeds and spacings of the surface ice
bands. This conpatibility suggests, in turn, that coupling between internal waves
and ice bands may commonly occur, Sonme possible inplications of the generation
and presence of these internal waves upon other ice edge processes, such as air-sea

heat and monentumtransfer, are qualitatively discussed.
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1. I NTRODUCTI ON

The ice-covered regions of the world ocean provide a surface tracer which
both responds to and exerts an influence over the underlying water notion. This
tracer, floating sea ice, is active rather than passive because it affects the
| ocal air-sea heat and momentum transfers as well as responding to them These
interactions are nost pronounced along an ice edge where the ice cover is un-
bounded to seaward and has considerable freedomto respond to and interact with
the local water motions.

This paper discusses possible interactions between interracial oceanic
internal waves and the floating ice “bands” or “streamers” along an ice edge.
Additionally, a new hypothesis is advanced for a mechanismfor internal wave
generation along an ice edge. The internal wave interactions contribute to
explaining the initial divergence of ice near the edge prior to its formation
into bands and are consistent with the observed features of the bands and of
the regional oceanography.

Section 2 bel ow describes the nature of the ice edge bands and the background
oceanic density distribution which has been observed to be associated with ice
edges. Section 3 presents a theoretical devel opment of some possible interactions
between ice and water, including a mechanismfor generation of internal waves by
wind action over an ice-water interface. Section 4 discusses the degree to which
the theoretical nodel is consistent with the field observations, and also points
out some possible inplications of the results with respect to overall air-ice-

water interactions along an ice edge.
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2. BACKGROUND

Wth the advent of renpte sensing techniques and increased scientific and
practical interest in the ice edge regions, a variety of mesoscale and small-
scale features have been identified along the ice edges. O these features,
the regularly spaced ice “bands” or “streaners” which occur during off-ice |ocal
wind events appear to be universal in occurrence. These features have been docu-
mented and studied in the Bering Sea along the winter ice edge fMuench and Charnell,
1977; Bauer and Martin, 19801. They have been docunented al ong the East G eenl and
Sea ice edge [Wadhams, 19811 and are mentioned by LeBlond [ 19821 as being evident
on satellite imagery of the Labrador Sea winter ice edge. Finally, they have

been identified on unpublished satellite imges of the Weddell Sea ice edge.

Descripntions of |ce Bands

Descriptions of the ice bands will focus primarily upon those observed in
the Bering Sea along the winter ice edge, because the observations from that re-
gion are far nore conplete than those from other regions. A location chart for
the Bering Sea shows the |ocation fromwhich data presented here were obtained
(Figure 1).

Using satellite imagery, statistics on ice-band spacing for the winter
1974-75 period were conpiled by Muench and Charnell 119771. Exam nation
of satellite inmagery for the period between 1975 and the present tine has sug-
gested that their observations are valid over the longer time period. They ob-
served a nmean band spacing of 8.7 km wth a standard deviation of 1.6 kmand a
variation between 6 and 12 km These bands were observed to be roughly nornal
to the wind direction. Their general appearance is shown on Figure 2.

Shi pboard observations obtained nore recently than Miench and Charnell's
wor k have reveal ed bands nore closely-spaced along the ice edge than were visi-

ble on the satellite inmages. Resolution of these bands, spaced about 1 kmapart,
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by the satellite was inpossible because of the relatively coarse (1 km resolu-
tion of the satellite imagery used. Bauer and Martin 119801, Hachneister and
Muench [1981], Martin and Kauffnman [1981] and Martin [this volune] have all re-
ported the w despread presence, during off-ice wnds, of these bands spaced about
1 kmapart and oriented with their |ong axes approximtely normal to the wind di-
rection. An exanple of this band configuration obtained from shipboard in March
1981 and reported on by Hachmeister and Muench [1981] is shown in Figure 3. Dur-
ing the transect which yielded the ice distribution shown on Figure 3, the w nd
was off-ice and steady at about 6 misee. The conputed mean downwi nd extent of
the open water areas between ice bands was 1 km and the standard deviation was
0.5 km nean width of the ice bands was 0.5 km and the standard deviation was
0.3 km

Translation speeds for the ice bands are harder to estinate because adequate
tinme-series information is not available. Because of the inpossibility of track-
ing the 10-km spaced bands fromday to day using satellite inmagery, no estimtes
of these relatively wi dely-spaced band speeds are available. Speeds of the nore
cl osel y-spaced bands which were observed from shipboard varied widely IMartin and
Kauffman, 1981; Martin, this volune]. Atthe start of an off-ice wind event, ice
speed was near zero at the time when the bands were first separated fromthe main
body of the ice. Speeds then passed through a wide range, with speeds as high
as about 70 cm/sec being observed through use of radar-tracked buoys deployed in
specific bands to study their motions. In the absence of nore rigorous data,
speeds of 20-30 cm/sec are considered typical translation speeds for the bands.
Band notion was always in the downw nd (seaward) direction, and band formation

has never been observed during periods of on-ice wnd.
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Qceani ¢ Paraneters Associated with Ice Edges

Ice edge regions are typically areas of nelting. This has been documented,
based upon ice distribution and motion, for the Bering Sea by Muench and Ahlnas
[1976] and Pease [1980]. This observation has been supported nmore recently by
oceanic tenperature and salinity data [Muench and Pease, 1981; Muench, this vol-
une] . Wadhams [ 1981] has characterized the East Geenland Sea ice edge as a re-
gion of ice nelting. A Cordon [personal commnication, 19811 has characterized
t he Weddell Sea ice edge also as a region of net nelting.

A primary effect of ice nelting along the edge is to create a strongly two-
| ayered salinity -- hence, density -- structure. The vertical distribution of
density underlying the Bering Sea ice edge region in February-Mrch 1981, about
md-winter or during the tine of maxi mum southward ice extent reflects this and
is shown on Figure 4. The location of this density transect coincides approxi-
mately with that of the ice-band transect illustrated on Figure 3; hence, the
density distribution shown was that which underlies the banded structure. Densi-
ty differences of 0.01-0.3 sigma-t units over a 10-20 mlayer were typical, and
the interface depth varied fromabout 30 to 60 m The two-layered density strut.
ture appears to be a regular winter oceanic feature associated with the Bering
Sea winter ice edge [Muench and Pease, 1981; Muench, this volune], A set of ver.
tical density profiles, obtained at different times froma single |ocation along
the Bering Sea ice edge in February-March 1981, illustrates a range of stratifi-
cations which appears to be typical for the region (Figure 5}.

Vertical density stratification in the Geenland Sea ice edge region is '
greater, at least during summer, than in the Bering Sea. A vertical profile of
density in the Greenland Sea ice edge region during sumrer is shown on Figure 6.

The interface between upper and |ower layers i S extrenely strong and sharp.
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A second basic difference between the Bering and Geenland Sea ice edge re-
gions, in addition to the degree of stratification, is that between the charac-
teristic bottom depths. Depths underlying the Bering Sea ice edge are typically
80-110 m  Beneath the Geenland Sea ice edge, on the other hand, the bottom

falls on the continental slope so that depths vary from500 to 1000 mand nore to

seawar d.
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3. PROPCSED MECHANI SM FOR BAND FORMATI ON AND NMAI NTENANCE

The nmechani sns which formand naintain the ice edge bands are not well un-
derstood. Muench and Charnell 11977] hypot hesi zed, based upon anal yses of satel-
lite imagery of the Bering Sea winter ice edge, that the larger-scale (1O km
wi de) bands were due to interactions between sea ice at the edge and the atnps-
pheric roll vortices which are ubiquitous along the edge during off-ice wnd
conditions [Walter, 1980]. Bauer and Martin [1980] used results froma 1979 mid-
winter field programalong the Bering Sea ice edge to hypothesize that band for-
mati on was due to a combination of wind stress acting differentially upon the
rougher ice along the edge so that a line of ice divergence fornmed along the
edge parallel to it, and radiation stress (due to surface water waves generated
in the leads between the bands) which would tend to accelerate the bands away
fromthe main ice pack. Overland and Pease T1this volunme] present additional evi~
dence that the initial divergence of ice along the edge may be due to wind drag,
with accentuation of the divergence through a '"sea-breeze'" effect. Further ar-
gunments in favor of radiation stress as a causative mechanism for the divergence
are presented by Wadhams [this volume]. Finally, Hachmeister and Miench [1981]
hypot hesi zed, based upon |aboratory nodel results and field data, that the ice”
edge bands coincide with surface convergence which are associated with interfa-
cial internal waves beneath the ice edge. They maintained, in addition, that
formation of the interracial waves is due either to interaction of ice keels (in
regions where the ice is thick enough to have a ridged structure) with the oceanic
stratification or to response of the stratified ocean to a nonuniform w nd stress
where the nonuniformity is due to the surface presence of the ice edge,

O the nechanisms for ice band formation |isted above, only that involving
interaction with internal waves provides a satisfactory explanation for the ob-

served regular spacing of the bands. This paper explores sonme possible interactions
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between ice edge bands and oceanic internal waves in nore detail, with the inten-
tion of clarifying the dynam c processes involved and denonstrating conpatibility
bet ween the observed ice features and internal waves.

The devel opnent presented here follows two avenues of approach. First,
linearized theory is used to estimate ranges for the first-node interracia
i nternal -wave phase speeds appropriate to the density differences observed in
the Bering and Greenland sea ice edge regions. Second, an analytical solution
is derived for the generation of internal waves by a wi nd stress acting across

the surface discontinuity presented by an ice edge.

Estimati on of Representative Interracial \Wave Phase Speeds

In the sinplest physical sense, the oceanic regimes underlying the Bering
and Greenland Sea ice edges may be considered as two-layered systens separated
by a horizontal density interface. In order to establish ranges for paraneters
to be used in the follow ng anal ytical devel opment, and also as a prelude to es-
tablishing conpatibility between internal wave and ice band parameters it is
useful to conpute representative values of interracial internal-wave phase speeds
whi ch mght be expected given the oceanic conditions observed in association with
ice edges. The upper- and |ower-layer densities, interface depth, and bottom
depths used in the conputations include the ranges which we woul d expect, based
upon available data, to occur in the Bering or Geenland Sea ice edge regions
(see, for exanple, Figures 4-6).

The conputations used for arriving at the first-nmode interracial wave speeds
are based upon a two-layered fluid nmodel given in Turner 119731. The basic equa-

tion for the phase speed c is

2 _ gho coth kh -1
¢’ = 5= (0 1 t p, coth kh,) (1)
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wher e h1 = upper layer thickness, h,= lower |ayer thickness, Py = upper | ayer
density, P, = lower layer density, and Ap = density difference between |ayers.
In the shall owwater |ong-wave case appropriate to the Bering Sea ice edge re-

gi on, kh, and kh,both approach zero and Equation (1) can be approxi mated by

2 _gho MM

c
Py (hy *+ h,)

For waves which are at least as long as the |ower |ayer depth, this approximtion
is also appropriate to the Greenland Sea ice edge region; now, since h,> h,

Equation (1) becones, for the Geenland Sea,
_ 8o
C = » v

Table 1 gives the computed values for ¢ using varying upper layer thicknesses
and density differences between the |ayers.

The above conputations assuned snal | -anplitude waves, allow ng use of |inear
theory. Even if the waves were of l|arge enough anplitude to violate this assunp-
tion, the results would not be greatly different. Holyer 11979] has denonstrated,
using theoretical arguments, that at the |argest anplitudes the phase speeds of
| ong waves are only about 20% hi gher than those for infinitesiml waves, Gven
the approximate nature of the estimted band speeds presented above, a 20%error
in conputed wave phase speeds woul d not substantially alter the conclusions which

are presented bel ow

AMechani sm for Wnd-CGeneration of Internal Waves

Atheoretical developnent is presented here of a mechanism for generation
at an ice edge of internal waves by the nonuniformw nd stress due to off-ice

winds. This proposed nechanismis schematically illustrated on Figure 7. It is
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assumed, in concert with observations, that the wind is blowing in the off-ice
direction and that the ice edge is underlain by an oceanic structure two-layered
in density. Location “A” on Figure 7 indicates the region where divergence in
the ice cover first occurs. In a region referred to on the figure as the “gener-
ation” region, the wind blow ng off-ice either across a band or off the main mass
of ice causes a localized upwelling tendency due to surface divergence. This is
illustrated by the upward-bulging of the interface in the nmddle of the genera-
tion region. This bulge will then propagate in both directions, as shown, as
trains of interracial waves. Point “B" signifies the boundary between the gen-
eration region and the propagation region through which the ensuing interna

wave train noves. Those waves traveling in the off-ice direction at phase speed
c will tend to collect floating ice in the convergence overlying the wave troughs,
as shown. wWaves traveling in the opposite direction, beneath the ice edge, i ght
contribute to surface divergence of the ice pack there.

Internal wave generation at the seaward edge of a noving ice cover nay be
analyzed in a sinple nodel. The vertical density distribution is approximted
interns of a two-layered structure with |inear phase speed ¢ as estimted above.
Wth x measured positively fromthe uniformy nmoving (at speed V) ice edge and
y along it, two-dinensional (By = O perturbations of the stratified fluid from

its equilibriumstate are governed by the |ong-wave equations

du ou

1 1 = g0, T
ﬁ—- [ad V 'a';— - fVl - "g ax + 'plTl (za)
Bvl Bul
-é-:'—:—- -~V -é—x—- + ful = 0 (Zb)
su
1_ .9 2 ~ (0 0
hlaT-"(ﬁ--Vg;)(n-C)-(ﬁ‘Vﬁ;{)g (2¢)
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du ou P
i N | V-5 1
at v ax fvz T Opzm g pz ax (3a)
ou ou
2 2 _
T " ' ax +fu2—0 (3b)
dJu
2 _ 0 9
hz §x_ = - (-a—t— -V -g'i)C, . (3(:)

Subscripts 1 and 2 refer tothe upper and | ower |ayers, respectively. The sur-
face di splacenent n is assunmed of order CAp/pz and neglected, as appropriate for
internal waves. The stress 1 changes value at the ice edge (x=0). For x < 0, the
surface stress is applied to the water as 1 = plcw(V—ul)z\M th C,the ice-water
drag coefficient; for x >0, the wind stress is exerted directly on the water sur-

faCe, i.e. T.=p (U-ul)z, with CD the air-water drag coefficient and U the

._C
air D
wind speed. This discontinuity in stress generates the internal waves.

Elimnating all variables but ¢ from(2) and (3), we find

where ¢ is the long-wave speed, i.e. C= g(Ap/pz)Ihlhz/(h1+h2)]. Free-pl ane
wave sol utions of the honogeneous form of Equation (4) are shortened when they
travel against V, i.e. in the +x direction, and |engthened when they travel under
the ice away fromthe edge in the -x direction. Near resonance (V = c) the wave-
| engt h ahead of the ice becones

v2

. me
A-a"(l--c-z—)- (s)
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Measured seaward ice speeds V are conparable to the calculated internal wave speeds
¢, so that even for rather long-period forcing (T = 2n/w ~ 1 day, as for sea-breeze
winds, for exanple) X can approach the observed |Ce band spacing near resonance.
The alternation on a scale » of surface flow divergence and convergence, as given
by du,/3_, would then contribute t° the sum'f forces (wind, waves) which determine
i ce band spacing.

As a nore specific extension Of the above case, we may consider the forced
initial value case wherein internal waves are produced from rest by a wind stress

of the form
T = F()T, + ATH(X)] | (6)

where H(x) is the Heaviside step function, AT is the stress UiScontinuity across
x = O and F(t) describes the time-dependence of the stress W th F(0) = O Taking
the Laplace transformof Equation (4) (3, ~ p) and applying the matching condi-

tions

Tx < 0) = C(x > 0) (72)
lim x>0 lim x>0
a - !3 ) limz, (x >0) - lim T, (x 0, | =- EIP%AT (7b)
c? x>0 x>0 Pyhy

across x = 0 on the transformed variables (denoted by overbars), we find that

2 2] 1w
_-wex | p2 —!—fz] xi{ (8)
7 1172 exP,(z_vz) [ *a- T ®
2 hp2+(1-y~)f2] ¢
Py 2

cAt F(P)

o~
~
el
-
o
~—
|

140



The surface layer divergence is obtained from (2c) as

hla_l _ c;zw E(P) c2p/(c22_ vz)l/z 1% exp t (44 Lg)
X 1M (1 PZ f (- !ia fz]
(M

The argument of the exponential in Equation (9) is the same as in Equation (8)
and is not repeated. Near resonance, V + c and the first termin Equation (9)

2
will dominate for P/(1- V—,,l_)f2 = 0o(l). For a step-function wind stress,

(o]
F(P) = |1/P, and a tabulated inverse is found for hlﬁi [Abramowitz and Stegun
X
1965, Ch. 291,
\
' 2 172 2 2
cAT v |x|v > Ix|v  |x] 10)
h,u, (x,t) = Jla-—=) f‘/(c- )-—. H(’c- - )(
171, 2 “o 2 c2-v2, cz (c2V2] c

v
ZDlhl (1- 7)
<

As we woul d expect, the response becomes singular at resonance, i.e. as soon as
the ice field velocity approaches the internal wave speed, a strong pattern of
surface divergence is set up with spatial dependence given by Equation (10) for

an inpulsive wind stress or by the convolution of Equation (10) with the appropri-
ate transformfor a different stress history; The position of the first zero of
the Bessel function gives an estimate of the scale fromthe ice edge to the first
zone of maxi num divergence (or convergence, depending on the sign of AT). For

X > 0, this first zero occurs at

2 Vv c
f(l'_i)
c

2 2
xV 3.8 X
(“2 2)= Y I (11)
¢ -V

The scale length of the Bessel function decreases as its argunent, which is rough-

|y proportional to t, increases. W then seek to know, using Equation (11),
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whether a scale x ~ 10°m which is of the order of the observed band spacing
can arise in a reasonable value of the time elapsed since the wind began to bl ow.
with X = 10°m ¢ = 50 cnisee, and V=0.9 ¢, thent =5 x 10°sec = 0.5 day,

which is short enough to respond to a diurnal sea-breeze type of forcing.
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4. DI SCUSSI ON

The field data available fromthe Bering and Geenland Sea ice edge regions
have been obtained for use primarily in analyses of mesoscale processes. Conse-
quently, the spatial and tenporal resolutions of these data make them inadequate
to rigorously determine whether internal wave mechani sns such as discussed above
(Section 3) are in fact significant in those regions. Nevertheless, reference
to the computed first-node internal wave speeds ¢ presented in Table 1 reveals
that ice speeds of up to about 35 cm/sec woul d be compatible with the internal
wave phase speeds conputed using the stratification observed along the Bering
Sea ice edge. Conputed first-node internal wave speeds for the G eenland Sea
ice edge are higher than those for the Bering (Table 1). W therefore expect
that interracial waves along the Geenland Sea ice edge woul d have a much greater
range of propagation speeds than in the Bering. Wile no data are available on
i ce band notion along the Greenland Sea ice edge, it seens reasonable that the
speeds of these bands would tend to fall within the range of possible speeds
shown in Table 1 and that their interaction with internal waves woul d be consis-
tent with physical reasoning. This supposition is supported by the consistency
bet ween conputed internal wavel ength A and observed ice band spacing.

A single time series of current and tenperature, obtained fromthe Bering
Sea winter ice edge region, reveal ed oceanic features which are consistent with
the presence of internal waves. This record was obtained at 50-m depth and was
sanpled at 30-minute intervals (Figure 8). During the January-February 1981
period, the interface between the upper and | ower oceanic |ayers beneath the
ice edge (see Figure 4) noved toward the south-southwest past this mooring as
the ice cover advanced toward its annual maximum southward extent. Tenperature
variations coincide with density variations because the upper |ower-density |ayer

is colder than the denser |ower |ayer [Muench, this volune] , The tenperature
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record fromthe mooring revealed rapid (i.e. of the same order as or having
shorter period than the 30-mnute sanpling intervals of the instruments) tenper-
ature fluctuations while the density/tenperature interface was passing by the
current nmeters (Figure 8). Current speed fluctuations were present at the same
time. The maxi mum recorded tenperatures, which occurred early in the portion of
the record shown and were about +1.3 °C, were those in the warmer lower |ayer of
water. The mnimum tenperature (-1.7 “C), which occurred later in the record
segnent shown on Figure 8, was typical of the colder upper-layer water. The

| ower- and upper-layer water tenperatures therefore provided an “envel ope” of

maxi num and mnimum tenperatures, Presence of the fluctuations between these

maxi num and m ni mum val ues, superposed upon the overall trend toward | ower tenper-
ature as the current nmeter was surrounded by the colder upper-layer water, suggest
that vertical oscillations of the interface between the upper and |ower |ayers
were occurring. These oscillations were sufficient to vertically nmove the en-
tire tenperature gradient region past the current neter. Reference to the pro-
files shown on Figure 5 suggests that vertical oscillations of 10-20 m anplitude
woul d have been necessary teo achieve this.

H gh-frequency oscillations in current speed were also present. They were
superposed upon a tidal current signal and were |ess obvious than the correspond-
ing tenperature oscillations. Because of the relatively w dely-spaced sanpling
interval (30 minutes), it was not possible to exam ne phase relations between the
current and tenperature fluctuations in the frequency range of interest. Visua
inspection of the current fluctuations shown on Figure 8 suggests that peak associ -
ated speeds were about 5 cm/sec.

Al though these data are clearly inadequate for a rigorous analysis, they
neverthel ess denonstrate that -vertical notions of the interface between |ayers were
present and had time scales of about 30 mnutes, Such tine scales would be con-

sistent with interracial waves phase-locked with surface ice bands.
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In addition to providing a physically satisfying explanation for one of the
more wi despread nediumscale ice edge features, the results presented above can
be expected to have significant consequences for other ice-edge processes. A
maj or factor would be the additional “formdrag” termdue to interaction of the
ice bands with the internal waves. This term must be considered when using ob-
served winds, ice speeds, and oceanic currents to conpute the air-sea-ice nonentum
transfer. Sea ice noves across the ocean surface under the influence of both in-
ternal stresses in the ice and coupling with the wind and upper |ayers of the
ocean. Coupling between ice and ocean affects both ice notion and the dynam cs
of the upper ocean |ayer, and nore than one such coupling mechani sm exists be-
tween the ice and ocean. In the absence of oceanic stratification, drag forces
between the ice and the water result froma conbination of skin friction (applied
over the entire underside of the ice) and formdrag exerted by irregularities on
the | ower side of the ice cover. In a stratified fluid an additional coupling
mechani sm exi sts: as denonstrated by Ekman 119061, internal waves generated by
a large obstacle can contribute a significant wave resistance to the total drag
on an obstacle noving in a stratified fluid, Hachmeister and Ri gby [19801 nodel ed
this nmechanismin a |aboratory tow tank and detected drag increases of nearly 150%
due to the internal wave-sea ice coupling. The internal wave/ice band interactions
suggested here would tend to l[imt the off-ice translation speed of ice bands to
the internal -wave phase speed. Since the rate of ice nelting at the edge is de-
pendent to some extent on the anbient water tenperature, and the water tenperature
increases away fromthe ice edge, the speed with which the bands nmove into warmer
water is critical to estimation of nelting rates. The results of this investigation
therefore inpact on both air-sea-ice nonentum transfer and the nelting rates of

ice along the edge.
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Finally, the internal waves generated by a stress discontinuity at the ice
edge set up surface layer divergence bands behind as well as ahead of the ice
edge and contribute to opening up of leads as well as to conpacting of ice bands
ahead of the ice edge. O course, as soon as the original ice edge becones accom
pani ed both fore and aft by other ice edges, the sinple conditions of the above
anal ysis no longer prevail. For exanple, surface wave radiation stress would
then tend to conpact the ice bands fromthe rear and accelerate themto seaward.
However, the above argunents should be sufficient to dermonstrate that coupling
between ice bands and internal waves is possible on the scales observed in nature.

Ri gorous testing of the hypotheses presented above awaits the acquisition
of new field and laboratory data. It is hoped that the current grow ng interest

in marginal ice zone problenms will enable such a testing program to be carried

out .
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Table 1. Conputed first-node internal

wave speed ¢ in cm/sec for the Bering Sea

and Greenland Sea cases. Ap is the density difference in g/cm3 across the inter-

face between the upper and lower |ayers;

h is the depth of the interface in neters.

CASE Ap 0. 00010 0, 00025 0. 00050 0. 00100 0. 00500

h
+

Bering Sea

(bottom depth ~ 100 m) 25 14 22 30 42 96
50 16 26 36 51 114
75 15 24 34 48 107

E. Geenland Sea

(bottom depth > 1000 m) 25 15 24 35 4 9 1009
50 22 35 49 69 155
75 27 42 60 85 189
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200°T

Figure 3. Schematic of ice bands along the Bering Sea ice edge late on 7 March
1981. (bservations were obtained froma surface vessel traveling toward
zoo “T along the dashed line, South of the border “new ice”, no rafting or
ridging was evident and nost ice appeared to be only a few days old. After
dark it became inpossible to discern details of the ice. The wind was steady
at about 6 misee toward 200 ‘T throughout the transect, Approximate |ocation

of transect is shown as southern part of line “A” on Figure 1.
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Figure 4. Vertical distribution of density as sigma-t) along = transect acrcs=
the Bering ice edge in mid-winter 1981, Approximate location of tran-

sect is shown as line "A" on Figure 1.
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Figure 5. Illustration of variability in vertical density {as sigma-t) distribu-

tion at a single position near the Bering Sea ice edge over a 14-day period
in md-winter 1981. Bottom depth was 109 m  Approximate |ocation of station

I's shown as point “B” on Figure 1,
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Figure 6. Exanple of vertical density (as sigma-t) distribution at a |ocation
neart he GreenlandSea ice edge in late summer 1979. Bottom depth was great-

er than 700 m  Inset map shows approximte |ocation of station.
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text.
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Figure 8. Time-series of temperature (upper) and current speed (lower) obtained

in the density interface at 50-m depth below the Bering Sea ice edge in early

February 1981, Approximate location of mooring from which data were obtained

is shown as point "C" on Figure 1,



